Piglet survival relies on interactive influences of the sow, her piglets and their environment. There 13 are a number of design challenges in a loose-housed farrowing and lactation system to optimise this 14 dynamic, including achieving farrowing in the desired location (i.e. a protected nest area) and 15 minimising crushings. The PigSAFE (Piglet and Sow Alternative Farrowing Environment) pen was 16 developed with these challenges in mind. It has different areas to fulfil different biological and 17 managerial needs, including a solid-floored nest area with piglet protection features (sloped walls, 18 heated creep) intended for farrowing. Two hypotheses regarding pen design features to optimise 19 farrowing location and improve piglet survival were tested: i) greater space would improve maternal 20 behaviour; and ii) a heated nest-site would be more attractive to the farrowing sow. PigSAFE was 21 adapted to give a LARGE treatment, 9.7m 2 in total with a nest area of 4.0m 2 , and a SMALL treatment, 22 same design but 7.9m 2 in total with a nest area of 3.3m 2 . The nest floor was heated to either 30°C 23 (T30) or 20°C (T20) from 48h before until 24h after farrowing. A 2x2 factorial design saw 88 Large 24 White x Landrace sows randomly assigned to space and temperature treatments. Generalized linear 25 mixed models were used to analyse performance data. Farrowing location analysis involved dividing 26 the pen into seven areas (L1-L7); L1 deemed the safest location for the piglets to be born (in the 27 nest, furthest from dunging area, closest to creep) and L7 the least protected (in the dunging area). 28
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Of all the piglets born 97% were born in the nest area. The majority of sows started farrowing in L1 29 (56%), with 39% of remaining piglets being born in this location. There was a significant Space x 30
Temperature interaction for farrowing location (P=0.011) with SMALL_T20 achieving the most L1 31 births. Temperature had no significant influence on piglet survival (Total mortality P=0.401; Live-32 born mortality P=0.826). However space influenced mortality, with significantly greater live-born 33 mortality when sows were afforded a larger farrowing space (LARGE=18.1% vs. SMALL=10.9% 34 stalls side by side at the front (each 0.5m wide, 1.8m long). Sows were fed a standard pregnancy 104 diet, once a day (two kg containing 12.74% CP, 13.32 MJ DE.kg ) was offered at a rate of three kg per day followed by 0.5 kg increments 106 each day until seven kg and then followed by one kg increments each day up to a maximum of 12 kg 107 until weaning. Throughout, all animals had ad libitum access to water. Approximately five days 108 before their expected due date, sows were weighed, condition scored and had their back-fat 109 thickness measured at the P2 position before being moved into farrowing accommodation (PigSAFE 110 pens). Average pre-farrowing weight, condition score (0-5 scale) and P2 measurements for sows 111 were 258.1 ±3.53kg, 3.30 ±0.07 score and 20.91 ±0.39mm respectively. 112 113 PigSAFE (Piglet and Sow Alternative Farrowing Environment) pens had a basic nest area, with solid 114 and insulated concrete flooring to allow provision of nesting material. For nesting, 2kg of long-115 stemmed straw was maintained by daily replenishment (not cumulative) from day -5. This level was 116 maintained until day +7 and then it was reduced to 1kg of straw daily until weaning. The nest was 117 equipped with sloping walls against which the sow can slide more slowly to ground level for suckling, 118 which had a gap between their base and the floor to lower the risk of piglets being trapped and 119 killed. A heated, corner creep area (0.75m 2 ) with easy access from the nest was bedded with a thin 120 layer of sawdust. The solid nest area was equipped with under-floor heating which could be adjusted 121 on a pen by pen basis (see section 2.3 Experimental Design for temperature settings). A separate 122 slatted dunging area (Triband metal 9mm void) was bounded by walls with barred panels to adjacent 123 pens to discourage farrowing outside the nest and allow visual and oral-nasal contact between 124 neighbouring sows. A feeding stall for the sow (0.50m wide, bounded by solid sides) was included at 125 one side of the pen, where the sow could be locked in to allow safe inspection or treatment of the 126 piglets. This basic prototype pen design was adapted to determine the influence of space and 127 temperature on farrowing location, maternal behaviour and piglet survival (Figure 1a and b) . 128 129
Experimental design 130 131
The sows were randomly assigned to treatment groups in a 2x2 factorial design to test the influence 132 of space and nest floor temperature on farrowing location and maternal behaviour. The sows were 133 either assigned to the LARGE space treatment (9.7m 2 in total; dunging passage = 2.20m x 1.60m, 134 nest-site = 1.30m x 2.80m) or the SMALL space treatment (7.9m 2 in total; dunging passage = 2.20m x 135 1.23m, nest-site = 0.90m x 2.38m). The nest-site floor was heated to either 20°C (T20) or 30°C (T30) 136 from 48h before until 24h after farrowing. Figure 1 illustrates the experimental pens side-by-side. 137
The overall farrowing room temperature was set at 18°C for the first week during and after 138 farrowing, before being reduced to approximately 16°C for the remainder of lactation. Creep 139 temperatures were set at 30°C for farrowing and the first week post-farrowing before being set on a 140 curve gradually reducing the temperature to approximately 25°C for the remainder of lactation. interest in this study was where in the pen sows chose to farrow and the quality of maternal 151 behaviour in terms of posture changes during farrowing. These data were collected for 84 of the 152 sows (camera failure resulted in four sows not being observed). A sub-set of animals (n=52) were 153 followed for 24h after the birth of the first piglet to record crushing incidents (both injurious and 154 non-injurious -see Table 1 for full ethogram). One sow and her litter had to be excluded from 155 analysis of performance and behaviour at 24h post-partum because the piglets contracted 156 alloimmune thrombocytopenia after ingestion of their mother's colostrum. As the condition only 157 manifested itself in the piglets post-farrowing, the sow's farrowing location data were included for 158 analysis. For farrowing location analysis, the pen was divided into seven areas (L1-L7). L1 was 159 designated as the preferred farrowing location based on the fact that if sows farrowed in this 160 location piglets would be born closest to the creep area and furthest from the dunging passage 161 which was designated as L7. L7 was designated the least preferred farrowing location as it contained 162 no piglet protection features or bedding and had no additional heating source for the piglets (Figure  163 2). 164 The number of sows in each treatment was unbalanced (SMALL_T20 n = 21; SMALL_T30 n = 23; 170 LARGE_T20 n = 22; LARGE_T30 n = 22), thus Generalised Linear Mixed Models (GLMM) were fitted 171 to the data (Genstat 14 th edition) for analysis of mortality, farrowing location, farrowing kinetics, and 172 number of posture changes during farrowing. A binomial distribution with a logit link function was 173 fitted to a GLMM to analyse the influence of space and temperature (fitted as fixed effects) on 174 mortality (i.e. piglets were either dead (1) or alive (0) for the binomial model) and the sows' location 175 to farrow the first piglet in the litter. These location data were categorical (i.e. 1-7 possible 176 locations), therefore the fixed estimate of binomial totals was set at 7. A Poisson distribution, with a 177 logarithm link function was fitted to GLMMs to analyse the influence of space and temperature on 178 the location where the remaining piglets were farrowed. In all models parity was fitted as a fixed 179 effect and sow was fitted as a random factor. When necessary, cross-fostering was performed (only 180 within the first 48h post-partum) and the subsequent mortality data were adjusted accordingly to 181 reflect the fostered litter size. 182
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In order to analyse each separate location by treatment, non-parametric tests (Mann-Whitney U -184
Genstat 14
th edition) had to be used as there were a large number of values returned as zero. The 185 differences between treatments regarding type of crushing behaviour by the sow also returned a 186 large number of zeros therefore were analysed using non-parametric tests (Chi-square and Mann-187 Whitney U). 
Crushing behaviour 257 258
Of the sub-set of sows that were observed for 24h from the birth of the first piglet 53% (n=27) of 259 them showed some type of crushing behaviour. Since there was no influence of temperature on 260 mortality, only the influence of space on type of crush was analysed. There were significantly more 261 crushing incidents when sows were afforded the larger space (Χ transitions from standing to walking) events (Table 3) . Mann Whitney U tests revealed that a 264 significant difference existed only for the kicking category, indicating that the numerical differences 265 between space treatments regarding rolling and clamping events were attributable to a small 266 number of sows within the treatments. Stand to sit crushing incidences were rare but were only 267 observed in the SMALL space treatment (Table 3) . PigSAFE pen permits sows the ability to see their neighbour's pen and this added motivation to face 285 the nest entrance is likely to have further influenced the sow's decision to farrow in the L1 location 286 within the nest, since sows in the wild select nest sites allowing them to maintain vigilance for 287 approaching threats (Stolba and Wood-Gush, 1984 ). In the current study the majority of sows 288 started farrowing in this position which is considered optimal in the PigSAFE pen because the birth 289 site is furthest away from the cooler and unprotected slatted dunging area and the udder when lying 290 laterally is immediately adjacent to the creep. Within minutes of being born piglets stand and 291 perform teat seeking behaviours (Rohde and Gonyou, 1987) . If sows are lying in the L1 position in 292 the PigSAFE pen, piglets will walk in front or through the heated creep to access the udder, which 293 could promote early use of this warmed and protected area. It is generally thought that piglets 294 remain in close proximity to the udder within the first 2-3 days post-partum, although there is large 295 variation between litters studied (Berg et al., 2006; Vasdal et al., 2010). Proximity to the udder brings 296 warmth, develops teat fidelity for better colostrum and milk intake but also brings greater risk of 297 crushing by the sow (Weary et al., 1996a) . In a loose farrowing environment in particular, it is 298 advantageous to attract the piglets into a protected area as quickly as possible (outwith the periods 299 of suckling). Opposite the creep the nest wall is sloped with specific dimensions to protect piglets 300 from being crushed when sows descend from standing to lying or roll against the pen side. The 301 sloped wall also prevents piglets from being blocked when teat-seeking, providing a protected heating was on before farrowing. Neither these authors nor the current study found a negative 366 relationship with survival, however prolonged farrowings and heat stress in sows do have the 367 potential for negative outcomes for both sows and piglets (e.g. Prunier et al., 1997; Edwards, 2002) , 368 particularly in restrictive environments where the sows are unable to regulate their body 369 temperature via behavioural adaptations (Malmkvist et al., 2012) . 1 Mann-Whitney U tests carried out on raw percentage data and used to show whether there was a significant effect of space or temperature. 7 Table 3 . Types of crushing incident in the SMALL and LARGE space treatments. Figures given as total and median number of incidents for sows that showed crushing behaviour, during 24h from the birth of the first piglet. Mann-Whitney U tests determine where differences lie. 
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